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Abstract 

The electric dipole strength distribution in 120 Sn has been extracted from proton inelastic scattering experiments at 
E p = 295 MeV and at forward angles including 0°. Below neutron threshold it differs from the results of a 120 Sn(7,7') 
experiment and peaks at an excitation energy of 8.3 MeV. The total strength corresponds to 2.3(2)% of the energy- 
weighted sum rule and is more than three times larger than what is observed with the (7,7') reaction. This implies a 
strong fragmentation of the El strength and/or small ground state branching ratios of the excited l _ states. 
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1. Introduction 

The low-energy electric dipole strength in neutron- 
rich nuclei, commonly termed Pygmy Dipole Resonance 
(PDR), is currently a topic of great interest |T]. It occurs 
at energies well below the isovector Giant Dipole Reso¬ 
nance (GDR) and exhausts a considerable fraction (up to 
about 10%) of the total El strength in nuclei with a large 
neutron-to-proton ratio [2H5|. The properties of the mode 
are claimed to provide insight into the formation of a neu¬ 
tron skin mm, although this is questioned m- It may 
also constrain the density dependence of the symmetry en¬ 
ergy pi im - mi . Thus, investigations of the PDR will be 
an important topic at future rare isotope beam facilities. 
Furthermore, dipole strength in the vicinity of the neu¬ 
tron threshold may lead to significant changes of neutron- 
capture rates in the astrophysical r-process mm- 

Originally considered to be a single-particle effect Q3> 
many microscopic models nowadays favor an explanation 
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of the PDR as an oscillation of a neutron skin - emerg¬ 
ing with an increasing N/Z ratio - against an approxi¬ 
mately isospin-saturated core. This conclusion is based on 
the analysis of theoretical transition densities which differ 
significantly from those in the GDR region. However, at 
least for stable nuclei with a moderate neutron excess this 
question is far from being settled, see e.g. the recent work 
of Ref. [18] . Quantitative predictions of the centroid en¬ 
ergy and strength of the PDR as well as the corresponding 
collectivity as a function of neutron excess differ consider¬ 
ably. This is due partly to the properties of the underly¬ 
ing mean-field description (e.g., Skyrme-type or relativistic 
models) but also results partly from the difficulty to sep¬ 
arate clearly the location of PDR and GDR. El strength 
distributions at low excitation energies are also strongly 
modified when complex configurations beyond the 1 par¬ 
ticle - 1 hole (lplh) level are included in the models (see 
e.g. Refs. [T§H2T] '). 

Data on the low-energy El strength in very neutron- 
rich heavy nuclei are scarce [2HS]. Although the PDR 
strength is much weaker in stable nuclei, detailed spec¬ 
troscopy with different isovector |22J123] and isoscalar El- 
1233 probes provides important insight into a possible in- 
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terpretation of the mode as a neutron-skin oscillation, the 
interplay of collectivity and single-particle degrees of free¬ 
dom and its isospin nature EMU- Extensive studies have 
been performed in stable even-mass nuclides utilizing the 
( 7 , 7 ') reaction, in particular at shell closures. However, 
the connection of these results to the PDR in nuclei with 
very large N/Z ratios is not clear f; [32] • 

( 7 , 7 ') experiments are selective towards ground-state 
(g.s.) transitions because the experimental cross sections 
are proportional to T/To/T and the experimental back¬ 
ground limits the analysis to Tf = To in excitation and 
decay energy regions of high level density. Here T 0 and T f 
denote the partial widths to the g.s. and any final state 
/, respectively, and T is the total width. Possible branch¬ 
ing ratios to excited states are often neglected, but sta¬ 
tistical model calculations of the branching ratios suggest 
potentially large corrections of the deduced El strength 
[331 . This uncertainty has an impact on the determination 
of the El polarizability, which has been established as a 
measure of the neutron skin and the density dependence 
of the symmetry energy pH] [34] . 

In a benchmark experiment on the doubly magic nu¬ 
cleus 208 Pb [23] [3S], relativistic Coulomb excitation in pro¬ 
ton scattering at energies of a few hundred MeV and very 
forward angles has been established as a new promising ap¬ 
proach to study the complete El strength in nuclei [361137]. 
The method avoids the above discussed problem of decay 
experiments and allows consistent measurements of the El 
strength below and above neutron threshold, thereby pro¬ 
viding precise values of the polarizability (231 [38]. 

The present letter discusses such an experiment for 
the semimagic nucleus 120 Sn. The tin isotope chain is 
of special interest as it allows a systematic study of the 
properties of the PDR in nuclei with similar structure fea¬ 
tures but varying neutron excess (see e.g. Refs. [2 [33 and 
references therein). Data from ( 7 , 7 ') measurements are 
available for 112 Ti 6 ,i 20 ,i 24 g n [39]g0]. Comparing the ex¬ 
tracted El strength distributions, 120 Sn shows a stronger 
fragmentation pattern than the other isotopes and a local 
minimum of the integrated strength, while the results in 
the other three isotopes would be consistent with a cor¬ 
relation between PDR strength and neutron excess [89] . 
The new experimental results presented here show that 
the major part of the El strength distribution in 120 Sn up 
to neutron threshold is missed in the ( 7 , 7 ') experiment 
indepedent from possible corrections due to decays to ex¬ 
cited states. 

2. Experiment 

The experiments were performed at the Grand Raiden 
spectrometer of the Research Center of Nuclear Physics in 
Osaka using a 295 MeV polarized proton beam at spec¬ 
trometer angles O = 0°, 2.5° and 4°. The detector setup 
and the principles of the raw-data analysis are described 
in Ref. [3B]. Details of the conditions and the analysis of 
the present measurements can be found in Ref. 31]. The 



Figure 1: Experimental cross section of the 120 Sn(p,p') reaction at 
E p = 295 MeV for different angle cuts. The top four spectra origin 
from the measurement with the Grand Raiden spectrometer angle 
set to 0°, whereas the lower four were taken at 2.5°. 

present work focuses on the information from a multipole 
decomposition of the cross sections; polarization transfer 
results will be discussed elsewhere [42]. 

Experimental cross sections of the 120 Sn(p,p') reaction 
for various angle cuts are shown in Fig. [T] A typical energy 
resolution of 30 keV (full width at half maximum, FWHM) 
was achieved. The top four histograms correspond to the 
data with the Grand Raiden spectrometer set to 0° and the 
lower four to data taken at 2.5°. The angular acceptance 
of the 0° and 2.5° setup overlap, so that for 0 = 1.8° two 
independent results can be shown. They agree well. 

The dominance of relativistic Coulomb excitation un¬ 
der these kinematic conditions [231135] leads to prominent 
excitation of the GDR centered at about 14 MeV in the 
spectra for the most forward angles. At lower excitation 
energies pronounced structures are visible at 0 = 0.4° and 
0.8° which slowly disappear towards larger angles. The 
angular dependence indicates a dipole character of the ex¬ 
cited states. At smaller angles the spectra show a local 
minimum around 9 MeV which also vanishes for larger 
angles. 

3. Multipole decomposition 

A multipole decomposition analysis (MDA) of cross- 
section angular distributions was performed similar to the 
one described in Ref. [35] based on a least-square fit of the 
type 

^(Gb-E^exp = ^ (Q; Ex, J 7r ) DWBA , (1) 

where all coefficients dj* > 0. Data were summed over 
bins of 200 keV and 400 keV below and above 11.5 MeV, 
respectively. Theoretical angular distributions based on 
quasiparticle-phonon model (QPM) calculations for 120 Sn 
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[551 calculated with the code DWBA07 05] were used as 
input. As demonstrated for the case of 208 Pb [55], the low 
momentum transfers of the experiment permit a restric¬ 
tion of multipoles in Eq.Q to El, Ml and E2. Because 
of experimental problems during the data taking only lim¬ 
ited use could be made of additional data taken at a spec¬ 
trometer angle setting of 4°. The reduced number of data 
points compared to Ref. [55] required the dissection of the 
spectrum into three energy regions (< 9.2 MeV, 9.2 — 12.8 
MeV, > 12.8 MeV) with partly different additional con¬ 
straints: 

(i) The contributions due to excitation of the isoscalar gi¬ 
ant quadrupole resonance (GQR) were subtracted from all 
spectra 0T]. The corresponding cross sections were calcu¬ 
lated with DWBA07 using the isoscalar E2 strength dis¬ 
tribution extracted in an (a, a') experiment [44] and the 
theoretical GQR angular distribution taken from the QPM 
results. 

(ii) Only two theoretical El angular distributions of the 
transitions with the largest B(E1) values in each of the 
three energy regions were considered. 

(iii) The angular distribution of the spinflip Ml strength 
was described by a single curve corresponding to the tran¬ 
sition with the largest strength. This is a good approx¬ 
imation for small-angle proton scattering [45j . At ener¬ 
gies above 12.8 MeV the contributions from spin-flip Ml 
strength were excluded based on the properties of the spin- 
flip Ml mode in medium-mass and heavy nuclei |45) . 

(iv) In the excitation energy region between 9.2 and 12.8 
MeV the El cross sections were determined by a least- 
square fit to photoabsorption data 05W15] converted to 
(p,p') Coulomb excitation cross sections. The photoab¬ 
sorption cross sections were approximated as the sum of a 
Lorentzian with parameters from Ref. HS ] describing the 
tail of the GDR and a polynomial of fifth order at lower 
excitation energies m3- 

The ajir coefficients were then determined by a y 2 - 
weighted averaging over fits for all possible combinations. 

Figure [2] displays the resulting cross sections of El, Ml 
and E2 multipoles for the 0 = 0.4° spectrum. Similar to 
the findings in 208 Pb, El cross sections dominate at all 
excitation energies. Ml cross sections contribute between 
6 and 12 MeV with a maximum around 9 MeV. The cross 
section contributions from the GQR determined with the 
above described procedure and representing about 100 % 
of the energy-weighted sum rule are very small. 

4. Low-energy El strength 

The spectra of Fig. [T] show considerable structure in 
the low-energy region. It is interesting to see whether 
these show correspondence to the El strength distribution 
deduced from the 120 Sn( 7 , 7 / ) measurement [39]■ A quali¬ 
tative comparison of both experiments is shown in Fig. [3] 
For that purpose the background-subtracted ( 7 , 7 ') spec¬ 
trum with a resolution of better than 10 keV (FWHM) 
was folded with a Gaussian of width 30 keV (FWHM) to 
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Figure 2: Decomposition of the 120 Sn(p,p') spectrum at E p = 295 
MeV and © = 0.4° in terms of the multipoles El, Ml and E2 with 
the MDA described in the text. 

make it comparable to the proton scattering data. The 
(p,p') spectrum was restricted to a very forward angle 
range 0 = 0° — 0.5° to enhance the El contribution. Both 
spectra were normalized at the prominent peak around 
5.6 MeV. Figure [3] reveals good correspondence of the 
two experiments up to an energy of about 6.5 MeV. The 
smaller strength from ( 7 , 7 ') at higher energies indicates 
that either statistical decay of the exicted 1 “ states to low- 
lying excited states becomes relevant and/or an increasing 
amount of fragmented strength falls below the sensitivity 
limit with increasing excitation energy. 



Figure 3: Qualitative comparison of the El strength deduced from 
the 120 Sn (p,p f ) reaction at E p = 295 MeV and © = 0° — 0.5° with 
the result from the 120 Sn( 7 , 7 / ) reaction SSI- 

After the qualitative comparison of structures in the El 
strength distribution deduced from the (p,p') and ( 7 , 7 ') 
experiments we now turn to a quantititave analysis. At 
very forward angles (<1°) contributions from Coulomb- 
nuclear interference to the El cross sections are negligible 
[55] . The El strength distribution in 120 Sn can be derived 
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Figure 4: B(E1) strength distribution of 120 Sn in 200 keV bins from 
proton (present work) and photon scattering [S3- 120 Sn(7,7') corr 
shows the strength corrected for branching ratios from a statistical 
model calculation m using the level density parameterization of 
Ref. [50i . 

from the (p,p') data in the semiclassical approximation 
[49j . The B(E1) strength distributions given in 200 keV 
bins extracted from both experiments in the energy re¬ 
gion up to 10 MeV are compared in Fig. [4j Note that the 
( 7 , 7 ') measurement is limited to energies below the neu¬ 
tron threshold (S n = 9.1 MeV). As pointed out already, 
above 6.3 MeV the (p,p') results (black histogram) and the 
( 7 , 7 ') result (red circles) diverge. In the (p,p') results a 
resonance-like structure at about 8.3 MeV is visible which 
is not seen in the ( 7 , 7 ') data. Even in the energy re¬ 
gion around 6 MeV, where good qualitative agreement be¬ 
tween the two experiments is observed, the absolute B(E1) 
strength from the present work is about 20 — 40% larger. 

The blue squares show a strength distribution from the 
( 7 , 7 ') data after correction for the unknown ground state 
branching ratios by a statistical model calculation. The 
method is described in Ref. [33]; for details of the applica¬ 
tion to 120 Sn see Ref. [39] . The result shown in Fig.[4]uses 
the level density parameterization from Ref. m, but the 
dependence on the choice of the level density model is weak 
[551 . Inclusion of the statistical model correction brings 
both results in fair agreement in the energy region around 
6 MeV. Remaining differences may be related to the pres¬ 
ence of unresolved strength in the ( 7 , 7 ') data which was 
shown to be non-neglible [35. However, the sizable dif¬ 
ferences at higher excitation energies cannot be explained. 
In general, while the increase of the El strength due to 
the statistical model corrections can be large in more de¬ 
formed nuclei ESIEE], in the semimagic nucleus 120 Sn it 
does not exceed 40% and thus cannot explain the orders-of- 
magnitude difference observed at excitation energies > 7 
MeV. 

The total exhaustion of the El EWSR up to 9.0 MeV 
corresponds to 2.3(2)%, about twice the PDR strength in 
208 Pb [35]. In passing we note that the empirical relation 


for the B(E1) strength integrated over the excitation en¬ 
ergy range 6—8 MeV discussed in Ref. m gives a too large 
value for the present case. While Eq. (3) in [5T] predicts 
0.93 e 2 fm 2 , the experimental strength amounts to 0.57(4) 
e 2 fm 2 . 



Figure 5: Low energy photo-absorption cross section from the 

present experiment compared to a Lorentzian fit of the GDR (dashed 
blue line) with the parameters given in the text. 

It is an open question to what extent the El strength 
distribution in 120 Sn below threshold can be interpreted as 
the low-energy tail of the GDR. In Fig. [5] the conversion 
to photoabsorption cross sections is shown. A Lorentzian 
fit (dashed blue line) with parameters <r max = 252 mb, 
E c = 15.0 MeV, r = 4.2 MeV matches the energy re¬ 
gions below 6 MeV and above 9 MeV quite well with ex¬ 
tra strength in between, which corresponds to 0.67(7)% 
of the EWSR. The Lorentzian parameters deduced from 
( 7 ,xn) experiments [4BJ 07] cannot be used here because 
they overshoot on the lower-energy side of the resonance 
due to an asymmetry of the photabsorption cross sections 
in 120 Sn towards higher excitation energies. The present 
parameterization is restricted to an energy range where 
an approximately symmetric resonance form is observed. 
At excitation energies below 5 MeV there is very little El 
strength in 120 Sn [39] and the Lorentzian extrapolation 
overestimates the photoabsorption cross sections. This is 
a well-known problem for magic and semimagic nuclei and 
other parameterizations might be more appropriate [52] . 

The above decomposition suggests possibly the exis¬ 
tence of two classes of distinct 1“ states: One consists of 
a number of selected states, in the present case around 6 
MeV, with large g.s. decay probability. However, the larger 
part of the B(E1) strength seems to come from states with 
non-negligible ground-state decay width To but ground- 
state branching ratios decreasing with excitation energy 
[53] . A recent study of the decay pattern of the 94 Mo( 7 , 7 ') 
reaction finds a resonance-like structure between 5.5 and 
7.5 MeV deviating from otherwise statistical decay [51] in 
support of such a picture. Alternatively, one would have 
to assume that the level density of 1“ states in 120 Sn is 
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significantly higher than any model prediction. This is 
unlikely in view of the fair reproduction of experimental 
level densities in Sn isotopes derived from thermal neutron 
capture [55] and from a fluctation analysis JIB] of the fine 
structure of the GDR [57] . 

The bump around 6.5 MeV may be considered as the 
’true’ PDR. This is supported by investigations of the 
isospin structure using the (a, a') reaction [25] (although 
performed for 124 Sn it is reasonable to assume that the 
properties of such an experiment on 120 Sn would be simi¬ 
lar). The nature of the pronounced peak around 8.3 MeV 
is presently unclear. A possible interpretation as local con¬ 
centration on the low-energy tail of the GDR is discussed 
in Ref. [58] . 

Finally, we recognize similar findings in ( 7 , 7 / ) exper¬ 
iments near shell closures which take into account quasi¬ 
continuum contributions in the spectra. In 90 Zr a sim¬ 
ilar exhaustion of the EWSR and a factor of about 2.5 
between the total scattering cross sections including un¬ 
resolved parts and the analysis of discrete transitions was 
observed 59j. Comparable El strengths were also seen 
near N = 82 in 136 Ba [60] and 138 Ba [20], but a signifi¬ 
cantly larger part is concentrated in resolved g.s. transi¬ 
tions.. This is somewhat surprising since the level densities 
should be similar to 120 Sn. 

5. Comparison with model calculations 

Theoretical predictions of the PDR in 120 Sn show 
large variations. Here we focus on a comparison with 
approaches including the coupling to complex states be¬ 
yond the mean-field level, which can change low-energy 
El strength distributions considerably. Figure [ 6 ] presents 
the El strength distribution up to 9 MeV in 120 Sn in en¬ 
ergy bins of 200 keV. The plots include the two experi¬ 
mental results from the (p,p') and ( 7 , 7 ') data. Two dif¬ 
ferent quasi-particle phonon model (QPM) calculations in 
this work named QPM Darmstadt [41] and QPM Giessen 
[7| are presented. Both include coupling of 1-phonon (the 
RPA solutions) to 2- and 3-phonon states but use differ¬ 
ent ways to determine parameters of the underlying mean 
field and the residual interaction as described in Ref. [39]. 
Two calculations stem from the relativistic quasi-particle 
time blocking approximation (RQTBA) [2Tj. They are 
based on a relativistic mean field approach but have dif¬ 
ferent model spaces: The two quasi-particle phonon space 
( 2 qp+phonon) is built of quasi-particles from a relativis¬ 
tic mean field calculation which can couple to a phonon 
from the self-consistent renormalized quasi-particle RPA 
m- In the two phonon space (2 phonon), all couplings 
between phonons are included [5f2 j. Further details are 
given in Ref. (53] , 

The QPM Darmstadt result shows a peak of the El 
strength between 6 and 7 MeV, which roughly corresponds 
with the experimental results in this energy region. The 
result from QPM Giessen exhibits a similar peak but more 
strength at higher excitation energies. The El strength 
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Figure 6 : B(E1) strength distribution for the (p,p’) and ( 7 , 7 ') data 
and microscopic models in the energy range E x = 4-9 MeV in 
200 keV bins. 

predicted from the two RQTBA approaches differ from 
each other. The 2 phonon RQTBA result peaks around 
8 MeV but predicts too little strength at lower excitation 
energies. The 2pq+phonon result is broadened compared 
to the 2 phonon result and the total strength is four times 
larger. Both RQTBA calculations predict a strong rise of 
the strength above 7 MeV which conforms better with the 
distribution derived from the present data. 

The summed B(E1) values for the energy region of 
4 — 9 MeV are given in Table [I] The results differ sig¬ 
nificantly. The summed B(E1) strength obtained by the 
present (p,p') experiment is about a factor of seven larger 
than the ( 7 , 7 ') strength found in discrete transitions and 
still a factor of five larger after inclusion of corrections 
for unobserved branching ratios. After consideration of 
unresolved contributions deduced in Ref. [31] with a fluc¬ 
tuation analysis the present work finds more than three 
times El strength below threshold than the ( 7 , 7 ') data. 
Concerning the total strength the QPM Giessen result is 
closest to the (p,p') experiment. The QPM Darmstadt re¬ 
sult shows less strength, while both RQTBA calculations 
predict much higher strengths than seen experimentally. 

6. Conclusions and outlook 

We have presented a measurement of the 120 Sn (p,p') 
reaction at energies of a few hundred MeV and at ex- 
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Table 1: Experimental B(E1) strengths in 1 “°Sn summed between 
4 and 9 MeV and corresponding theoretical results from the calcula- 
tions shown in Fig. |6| _ 



Ref. 

EB(El) (e 2 fm 2 ) 

(p,p') 

present 

1.169(12) 

(7,70 

m 

0.164(31) 

(7, 7 ) corr 

m 

0.228(43) 

(7 , 7')corr + unresolved 

m 

0.348(76) 

QPM Darmstadt 

m 

0.553 

QPM Giessen 

m 

1.364 

2 phonon RQTBA 

m 

2.344 

2q+phonon RQTBA 

m 

9.494 


treme forward angles, where relativistic Coulomb excita¬ 
tion dominates the cross sections. The method allows for 
the first time a consistent study of El strength in 120 Sn 
below and above threshold in a single experiment. The 
present results show a more than three times larger El 
strength below neutron threshold than derived from the 
( 7 , 7 ') experiment |59j with a very different excitation en¬ 
ergy distribution. While the B(E1) strength distributions 
agree fairly well between 5.5 and 6.5 MeV, the present 
work finds much larger strengths at higher and lower ex¬ 
citation energies. The latter is quite surpising, since one 
would expect from other studies at shell closures that the 
( 7 , 7 ') reaction sees most of the strength at these low ener¬ 
gies. This point needs further experimental investigation. 

Since low-energy El strength is a global phenomenon 
in nuclei with neutron excess one may expect compara¬ 
bly large effects for other cases. Thus, all attempts to 
study systematics of the PDR based solely on strengths 
deduced from g.s. transitions in ( 7 , 7 ') experiments should 
be viewed with some care. Similar conclusions were drawn 
from the analysis of ( 7 , 7 ') experiments including a quasi¬ 
continuum part ED] [591160] and in recent studies of the 
decay pattern [53, 53]. On the other hand, very good cor¬ 
respondence of the results from both probes was observed 
in 208 Pb [55]. 

Clearly, a systematic study of complete El strength 
distributions with the (p,p') reaction in nuclei at different 
shell closures but also extending to more deformed nuclei 
is called for. An improved understanding of the struc¬ 
ture phenomena indicated by the present results may be 
achieved with coincidence studies of (a, a' 7 ) and (p,p' 7 ) 
reactions envisaged at RCNP in the frame of the CAGRA 
collaboration [53], by investigations of the ( 7 , 7 ' 7 ") reac¬ 
tion at HIGS [M; and with the NEPTUN tagger []I5] at 
the S-DALINAC in Darmstadt, or by application of the 
self-absorption technique .B5] . 
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